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Abstract: This study investigated the adsorption properties of graphene oxide in a magnetic-assisted
adsorber for the depollution of water containing heavy metals. Two samples of graphene oxide with
different surface chemistry were synthetized and assessed using the magnetic-assisted adsorption
systems. One graphene oxide sample exhibited a dual magnetic behavior presenting both diamag-
netic and ferromagnetic phases, while the other graphene oxide was diamagnetic. The adsorption
properties of these graphene oxide samples for removing Pb2+ and Cu2+ were tested and compared
with and without a magnetic field exposure. The results showed that the Pb2+ removal increased
using both graphene oxide samples in the magnetic-assisted configuration, while Cu2+ adsorption
was less sensitive to the application of the magnetic field. A monolayer model was used to simulate
all the heavy metal adsorption isotherms quantified experimentally. It was concluded that the ad-
sorption mechanism designed to remove Pb2+ and Cu2+ using tested graphene oxide samples was
mainly multi-ionic where two metallic cations could interact with one active site (i.e., oxygenated
functional groups) from the adsorbent surface. The oxygenated surface functionalities of graphene
oxide samples played a relevant role in determining the impact of magnetic field exposure on the
heavy metal removal efficacy. Magnetic-assisted adsorption using graphene oxide is an interesting
alternative to reduce the concentration of Pb2+ in polluted effluents, and it can also be applied to
improve the performance of adsorbents with a limited concentration of oxygenated functional groups,
which usually show poor removal of challenging water pollutants such as toxic heavy metals.

Keywords: carbon-based adsorbent; environmental depollution; intensified water treatment

1. Introduction

Drinking water constitutes 3% of Earth’s total water, with 0.01% accessible for human
utilization. Unfortunately, this finite fundamental resource is increasingly threatened by
urbanization, industrialization, and global environmental changes [1,2]. According to the
World Health Organization (WHO), climate change is anticipated to restrict clean water
accessibility to approximately 50% of the global population. A recent report from the United
Nations revealed that three out of ten individuals lack access to potable water because
of contamination associated with toxic compounds [3]. The escalating concern for water
pollution has generated new technological challenges worldwide because organic (dyes,
pesticides, and pharmaceuticals) and inorganic (heavy metals) pollutants are continuously
discharged into aqueous reservoirs from anthropogenic activities. This phenomenon is
attributable to the rapid progression of industrial activities and profound urban expansion,
which progressively compromise the quality of water sources [4,5].
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Environmental degradation, particularly the impact of heavy metal pollution on
human health, has substantial detrimental consequences [5–7]. The worldwide concern
regarding the presence of diverse heavy metals in water resources and industrial effluents
has intensified mainly because of their non-biodegradability, toxicity [8,9], and bioaccumu-
lation in the environment [10,11]. For example, the WHO and the Environmental Protection
Agency (EPA) have determined that exposure of children to a low concentration (5 mg/L)
of lead (Pb2+) via drinking water has adverse effects on both the central and peripheral
nervous systems [8]. Copper (Cu2+) is another relevant example of toxic water pollutants.
This metal is a highly prized mineral worldwide and is used in various industrial appli-
cations [12–17]. Cu2+ is also an essential trace element in the human body, but its chronic
exposure via water consumption has been associated with hypoglycemia, cramps, Wilson’s
disease, Menkes syndrome, Alzheimer disease, diabetes, liver and kidney diseases, mental
disorders, osteoporosis, and even cancer [15–18].

To overcome the critical problem of water depollution associated with toxic heavy
metals, including Cu2+ and Pb2+, numerous purification technologies have been inves-
tigated and implemented. They include membrane-based filtration, ion exchange, pre-
cipitation, reverse osmosis, permeable reactive barriers, flocculation, adsorption, and
electrodialysis [4–8,19–26]. Adsorption is a physicochemical treatment that separates or-
ganic and inorganic pollutants from fluids [5]. This method is a commercially consolidated
technology because of its low-cost operation, minimal secondary pollution, and straight-
forward equipment requirements [6,8]. Several adsorbents have been documented for the
removal of Pb2+ and Cu2+ from water, such as clays, activated carbons, chalcogenides,
zeolites, layered double hydroxides, polymeric materials, and magnetic materials [20,26,27].
However, the utilization of carbonaceous porous materials is a common approach for
depolluting water containing heavy metals [28]. These materials are characterized by di-
verse allotropic forms, microstructures, and morphologies, and include carbon nanotubes,
graphene, graphdiyne, activated carbon, and carbon nanospheres, which can exhibit a wide
spectrum of surface properties [8,29].

Graphene and its oxidized versions have been explored and tested as prospective
next-generation adsorbents for water depollution due to their distinctive physicochemical
characteristics, including a high specific surface area (up to >2000 m2/g), mechanical
flexibility, and thermal and chemical stabilities [17,20,21]. Graphene has a two-dimensional
honeycomb structure formed by the bonding of sp2-hybridized carbon atoms [30], while
graphene oxide (GO) is characterized by its content of epoxy, hydroxyl, and carboxyl
groups distributed across both edges and planes. The functionalized surface of GO allows
for an effective sequestration of cations such as Cu2+, Pb2+, Cd2+, Zn2+, Co2+, and U6+

from aqueous solutions [1,23,24,27,28,31]. Herein, it is convenient to indicate that GO can
be easily prepared via a variety of low-cost routes, including mechanical exfoliation and
other improved approaches [26,29,32,33], offering additional advantages for large-scale
industrial applications.

On the other hand, magnetic-assisted adsorption processes have been introduced
as strategies to intensify water purification where an enhanced removal efficacy can be
obtained if the best operating conditions are applied [34]. This improved performance can
be ascribed to various factors associated with the properties of a solution or material under
the influence of a magnetic field [33]. The spin and orbital motions of electrons within
an object can respond to the application of an external magnetic field, which is known
as magnetization. This phenomenon has been exploited in different fields including the
application of magnetism for the separation of pollutants from aqueous solutions, showing
its potential benefits in terms of environmental sustainability, safety, simplicity, and cost-
effectiveness [35,36]. Various mechanisms have been discussed to elucidate the potential
impact of magnetic fields on adsorption processes [37]. The predominant mechanism
associated with the influence of the magnetic field on the adsorption is the Lorentz force.
This force alters the orientation of the pollutant ions in the solution, guiding them towards
the adsorbent surface. The exposure to a magnetic field also affects the adsorbent properties
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(e.g., leading to a reduced zeta potential), the water properties, and the water–adsorbent
interface via the formation of hydrogen bonds and a reduction in the surface tension [37].

The magnetic properties of graphene, GO, and their derivatives have attracted spe-
cial attention because of their promising applications in spintronics [38]. The extended
spin diffusion lengths and coherent times, resulting from the weak spin–orbit and hyper-
fine interactions in graphene, create favorable conditions for coherent spin manipulation.
Graphene-based materials can exhibit interesting carrier mobility, and it has been predicted
that the introduction of approximately one Bohr magneton (µB) can occur with a single
hydroxyl group in graphene, and ferromagnetism may be induced by the epoxy groups
in graphene nanoribbons [39]. However, the intrinsic magnetic properties of GO have not
yet been properly characterized and explained. In fact, the limited experimental findings
on the magnetic properties of GO can be contradictory and show significant differences,
probably due to its nonstoichiometric atomic composition, which depends on the initial
graphite material and oxidative conditions [40,41]. To the best of the authors’ knowledge,
magnetic-assisted adsorption processes to remove water pollutants with GO have also not
been assessed.

The present study focuses on the utilization of GO in magnetic-assisted batch ad-
sorption systems for the removal of toxic heavy metal ions from water. The adsorption
properties of two GO samples for the separation of Cu2+ and Pb2+ cations from water with
and without the presence of a magnetic field were characterized, modeled, and discussed.
The results indicate that this intensified purification strategy using GO can be applied
for the depollution of water containing heavy metal ions, mainly Pb2+, with the aim of
protecting human health and ecosystems in a world that seeks innovative and sustainable
solutions to address environmental contamination problems.

2. Materials and Methods
2.1. Synthesis of Graphene Oxide

Two variants of GO, labeled samples GO2 and GO3, were synthesized in this study to
compare the impact of magnetic field exposure on their adsorption properties to remove
Pb2+ and Cu2+ ions from water. Sample GO2 was prepared with a mass-to-volume ratio
of 8 g/mL, corresponding to 4 g of graphite and 0.5 mL of neutral industrial surfactant,
and 400 mL of deionized water. The mechanical exfoliation [42,43] was carried out using a
commercial blender (Oster, WI, USA) model 6800–6889 at 60 Hz and 450 W, maintaining
a speed of 18,000 rpm for 45 min. Subsequently, the suspension was filtered with a
commercial filter paper, followed by Topscien Spinplus-6 centrifugation for 45 min at
150 rpm. The final product was then dried in an oven at 80 ◦C for 48 h. Sample GO3 was
obtained via a similar methodology but using 10 g of graphite and 1.25 mL of alkaline
industrial surfactant to obtain an 8 g/mL mass-to-volume ratio, and 100 mL of deionized
water was required for its synthesis. The mechanical exfoliation was performed in a blender
for 60 min at 16,000 rpm. The suspension was filtered and centrifuged for 45 min at 150 rpm,
and the final solid was dried at 80 ◦C for 24 h. These synthesis conditions ensured the
formation of GO samples with different surface chemistries.

2.2. Characterization of GO Samples

Samples GO2 and GO3 were characterized using FT-IR spectroscopy, RAMAN spec-
troscopy, X-ray diffraction (XDR), and a Physical Property Measurement System (PPMS,
Quantum Design Inc., San Diego, CA, USA). The transformations in terms of the surface
chemistry of graphite during the oxidation process were identified and studied using
FTIR spectroscopy. A Thermo Scientific Fourier transform infrared spectroscopy (FT-IR)
instrument (model IS10) (Thermo Scientific, Kansas City, MO, USA) with ATR was used for
this analysis. Special attention was paid to the spectral interpretation of the characteristic
absorption bands associated with the vibrations of the C-C and C=C bonds and the oxy-
genated groups present in GO, which were related to the graphite oxidation process. On
the other hand, the characterization of graphite and GO samples by Raman spectroscopy
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focused on the identification and assessment of the characteristic peaks of these materials.
In its basal form, graphite exhibits a characteristic Raman spectrum with vibrational modes
associated with the hexagonal carbon structure. However, substantial changes in the bond
configuration can be observed during the oxidation process to obtain GO, which affect
the vibrational modes detected by Raman spectroscopy. Therefore, this analysis focused
on the “D” and “G” Raman peaks that reflect the vibrations of the C-C and C-O bonds in
graphite and GO. Raman results were used to discuss the presence of oxygenated groups
in GO, as well as alterations in the crystal lattice of graphite. A micro-Raman system
with an excitation laser (632.8 nm) was used for the measurements. Raman spectra of
tested samples were obtained under right-handed polarization, with 60 s captures and a
power of 5 mW. The crystalline structures of the GO samples were determined by X-ray
diffraction. The sample diffractograms were obtained with PANalytical Empyrean X-ray
equipment using the Bragg–Brentano configuration with Cu Kα radiation. The X-ray tube
was operated at 45 kV and 40 mA, where the diffraction angle 2θ was varied from 10◦ to
80◦ with a step size of 0.0262◦. The X’Pert HighScore Plus software (Malvern Panalytical
Ltd., Almelo, The Netherlands, Westborough, MA, USA) and the database PDF2 were used
to identify the crystalline structures of the samples. The pH at the point of zero charge for
both GO samples was determined following the procedures reported in [44]. Finally, the
magnetic properties of the GO samples were analyzed via magnetic field intensity versus
magnetization per unit mass. These measurements were obtained with a vibrating sample
magnetometer (PPMS DYNACOOL, Quantum Design Inc., San Diego, CA, USA) using a
measurement interval of −10,000 to 10,000 Oe at 300 K.

2.3. Heavy Metal Adsorption Studies with and without the Presence of a Magnetic Field

All adsorption experiments were performed in batch systems using reactive grade
nitrate salts of Pb2+ and Cu2+. The heavy metal concentrations were quantified using an
atomic absorption spectrometer (Thermo Scientific iCE 3000, Kansas City, MO, USA) with
linear calibration curves. Individual stock solutions were prepared for Pb2+ (7.2 mmol/L)
and Cu2+ (15.7 mmol/L). These solutions were diluted to generate a set of adsorbate
solutions of known concentrations that were used in the adsorption experiments. All
batch adsorption tests were carried out at a mass-to-volume ratio of 2 g/L, 30 ◦C, constant
solution pH = 5, and equilibrium time of 24 h. Heavy metal adsorption isotherms were
quantified with and without the influence of a magnetic field using both GO samples.
This approach allowed the comparison and analysis of the impact of GO properties and
heavy metal ion type on the removal performance of the tested adsorption systems with
and without magnetic field exposure. Magnetic-assisted experiments were performed
with a nominal magnetic flux density of 5T and a monopole electronic configuration. The
adsorption capacities of GO samples (qe, mmol/g) were calculated for each heavy metal
using Equation (1) [45–47]:

qe =
(Co − Ce) V

m
(1)

where Co and Ce are the initial and equilibrium concentrations (mmol/L) of Pb2+ and Cu2+

ions, respectively, V (L) is the adsorbate solution volume, and m (g) is the GO sample mass.
All the adsorption experiments were performed by triplicate using the mean results in data
analysis. The results of the equilibrium adsorption studies were modeled using statistical
physics theory [48]. It was assumed that the heavy metal adsorption process on the GO
samples was a monolayer process where the oxygenated functionalities were the active
sites for the removal of these pollutants. The selection of the statistical physics model was
supported by the characterization results of the GO samples, as described below.

3. Results and Discussion
3.1. Characterization of GO Samples

The Raman spectroscopy results for the graphite and GO samples are shown in
Figure 1. The peaks D and G, which are associated with the deformation and vibration of
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the carbon–carbon bonds in the hexagonal lattice, were observed in the Raman spectrum of
graphite. G and D peaks for the graphite, GO2, and GO3 samples were located at ~1583
and 1251 cm−1, respectively. The peak at ~1583 cm−1 was related to the sp2 vibration
of carbon atoms bonded in a two-dimensional hexagonal lattice in a graphite layer [49],
while the peak at ~1333 cm−1 was associated with the disordered sp3 vibration in the
bonded carbon atoms [50,51]. For the GO samples, these peaks shifted and broadened,
indicating changes in the crystal structure due to the incorporation of oxygenated groups.
A significant increase in the intensities of peaks D and G was observed for the GO samples.
This increase in the intensity of peak D suggests the presence of structural defects induced
by the introduction of oxygenated functionalities during the oxidation process. In addition,
the increase in the peak G intensity could be caused by changes in the crystal structure
due to functionalization with oxygen-containing groups [43]. Similar findings have been
reported in other studies on graphite oxidation [51–53]. The relationship between the
intensities of the D and G peaks in Raman spectroscopy was utilized as a measure of
changes in the structure of graphene during its transformation into GO [45,50,54,55]. The
ID/IG ratio of GO3 = 0.9203 indicates a higher structural defect/disorder than the other
samples; that is, GO2 = 0.8215 and graphite = 0.417. It was concluded that the GO3 sample
was the most oxidized material obtained by graphene exfoliation.
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Figure 1. Results of Raman spectroscopy for graphite and GO samples.

FTIR spectra of the graphite, GO2, and GO3 samples are reported in Figure 2. In
the case of graphite, absorption bands corresponding to the vibrations of sp2 bonds
were observed, highlighting the characteristic hexagonal structure [51]. On the other
hand, new absorption bands emerged in the GO sample spectra that were related to the
introduction of oxygen-containing functional groups, such as epoxide, hydroxyl, and
carboxyl [46,47]. Specifically, the following functional groups were identified: O-H bond
at 2930 and 2849 cm−1, C=O carbonyl group at 1738 cm−1, C-O bond at 1618, 1238, and
1007 cm−1, and C=C double bond at 1554 cm−1, respectively. These results confirmed the
successful functionalization of pristine graphene to obtain GO2 and GO3.

The results of XRD analysis are shown in Figure 3. The diffractogram of pristine
graphite revealed a distinct diffraction peak at 2θ = 26.57◦ [42], implying the presence of a
well-defined hexagonal crystalline structure, which is characteristic of this material. After
mechanical exfoliation, a broader diffraction peak was observed at 2θ = 12.26◦ in the diffrac-
tion pattern of the GO samples, confirming the introduction of oxygen into the interlayer
spaces of the graphite (Figure 3b). A distinct diffraction peak was observed at 2θ = 54.72◦,
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aligned with the (100) and (004) reflection planes, suggesting a slight crystallinity of the
GO samples (Figure 3d) [54,56].
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Figure 3. Results of XRD for graphite and GO samples. (a) XRD patterns of graphite, GO2, and GO3
samples, and their enlargement at (b) 2θ = 5–19◦, (c) 2θ = 25.5–28◦, and (d) 2θ = 54–56◦.

The results of the magnetic characterization indicated that GO2 exhibited dual mag-
netic behavior, presenting both diamagnetic and ferromagnetic phases (Figure 4a). The
diamagnetic phase was identified in the low-magnetization region, where this sample
exhibited a negative response to an applied magnetic field, indicating slight repulsion. In
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contrast, the ferromagnetic phase was identified in the high-magnetization region, where
the material exhibited a strong attraction to the applied magnetic field, which proved the
presence of magnetic moments aligned in the same direction [57]. GO3 was characterized
as a diamagnetic material at 300 K based on the experimental data (Figure 4b) and theo-
retical results (Figure S1). The diamagnetic property of GO3 is attributed to its graphene
or graphite-based structure, which is intrinsically diamagnetic because of its electronic
configuration and the absence of unpaired spins, resulting in repulsion against the applied
magnetic field [58]. This behavior is characteristic of graphene-derived materials such as
graphite, which do not exhibit permanent magnetic moments [58].
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Figure 4. Diagrams of magnetic field intensity versus magnetization at 300 K for (a) GO2 and (b) GO3
samples.

3.2. Adsorption Properties of GO Samples to Remove Pb2+and Cu2+ with and without
Magnetic Field

The experimental isotherms for the adsorption of heavy metals using the GO samples
in the absence of a magnetic field are shown in Figure 5. The maximum experimental
adsorption capacities for Pb2+ and Cu2+ using GO2 were 0.17 and 0.30 mmol/g, respec-
tively. In the experiments using GO3, the maximum adsorption capacities were 0.20 and
0.31 mmol/g. Overall, GO3 showed better performance in removing Pb2+ and Cu2+ ions,
where its adsorption capacities were higher by 18 and 3%, respectively, than those obtained
for the GO2 sample. The improved adsorption properties of GO3 agreed with the surface
characterization results, which indicated a more oxidized (i.e., functionalized) surface
for this material. These oxygenated functionalities interact with heavy metal ions dur-
ing adsorption [59]. The adsorption capacities of both GO2 and GO3 followed the order
Cu2+ > Pb2+ where the removal of Cu2+ was higher than that of Pb2+ by 76 and 55% using
GO2 and GO3, respectively. Note that the differences in the adsorption properties of GO
samples without a magnetic field were related mainly to their synthesis conditions, espe-
cially the industrial surfactant used [60,61]. The utilization of an alkaline surfactant favored
the adsorption properties of GO3, especially for Pb2+ removal, due to the promotion of
more oxygenated functionalities on the adsorbent surface.

Table 1 displays a comparison of the adsorption capacities reported in the literature
with those obtained in the present study using the GO2 and GO3 samples without the
application of a magnetic field. This table provides an overview of the adsorption properties
of different materials used for the depollution of water containing heavy metal ions. These
results indicated that the GO2 and GO3 samples showed a competitive performance in
removing the tested pollutants, even in comparison with other adsorbents that have been
prepared with different technologies and subjected to additional chemical treatments. These
results highlight the potential application of both the GO2 and GO3 samples for depolluting
fluids containing toxic heavy metals such as Cu2+ and Pb2+ ions.
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Figure 5. Experimental isotherms for the adsorption of Pb2+ and Cu2+ on GO samples at pH 5 and
30 ◦C.

Table 1. Comparisons of adsorption capacities for the removal of Pb2+ and Cu2+ using different
adsorbents.

Adsorbent Cation Removal Conditions Adsorption Capacity,
mmol/g Reference

Polyethyleneimine-glutaraldehyde resin Pb2+ 298 K, pH 3 0.12 [62]

Iminodiacteic acid-funcionalized loofah Pb2+ 303 K, pH 5 0.20 [63]

Aquatic macrophyte Salvinia natans Pb2+ 303 K, pH 4 0.28 [64]

Date seed-derived biochar Pb2+ 303 K, pH 6 0.36 [65]

Fe3O4-reduced graphene oxide Pb2+ 303 K, pH 5 0.34 [30]

GO2 without the application of a magnetic field Pb2+ 303 K, pH 5 0.17 Present study

GO3 without the application of a magnetic field Pb2+ 303 K, pH 5 0.20 Present study

Collagen–tannin resin Cu2+ 303 K, pH 5 0.26 [66]

Hancili Green Bentonite Cu2+ 298 K, pH 7 0.22 [15]

Softwood kraft lignin Cu2+ 297 K, pH 5 0.11 [67]

Sawdust xanthate modified with
ethanediamine Cu2+ 298 K, pH 6 0.02 [68]

Pine sawdust modified with citric acid Cu2+ 298 K, pH 5 0.23 [69]

Camellia oleifera shell-reduced graphene oxide Cu2+ 298 K, pH 5 0.28 [70]

GO2 without the application of a magnetic field Cu2+ 303 K, pH 5 0.30 Present study

GO3 without the application of a magnetic field Cu2+ 303 K, pH 5 0.31 Present study

In terms of the adsorption mechanism, note that GO2 and GO3 contained oxygenated
surface functionalities and π-conjugated structure that participated in the removal process.
At tested pH conditions, the GO2 and GO2 surfaces were negatively charged because their
values of pH at the point of zero charge (3.5–4) were lower than the solution pH, causing
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electrostatic attraction forces to promote the adsorption of these heavy metal ions. Addi-
tionally, GO2 and GO3 showed a π-conjugated system derived from the sp2-hybridized
carbon atoms in the graphene structure. This conjugated π-electron system can interact
with heavy metal ions via π–π interactions.

A monolayer adsorption model was used to simulate the heavy metal adsorption
isotherms of the GO samples. The characterization results indicated the presence of epoxide,
carboxyl, and hydroxyl functional groups in the GO samples, which are expected to be
responsible for heavy metal adsorption. Therefore, it was assumed that these active sites
were the main oxygenated functionalities involved in the adsorption of the metallic cations.
Therefore, the following isotherm equation was applied to correlate the experimental data,
assuming a monolayer process with the participation of oxygen-containing active sites to
bind the metallic cations:

qe =
nIon·DGO-Ion

1 +
(

Ce
C1/2

)nIon
(2)

where nIon is the number of cations adsorbed per oxygenated functional group from the GO
surface, DGO-Ion is the concentration (mmol/g) of oxygenated functionalities from the GO
surface involved in heavy metal adsorption, and C1/2 is the half-saturation concentration
(mmol/L) to form a monolayer on the GO surface. The results of the data modeling
of the experimental isotherms were utilized to compare the calculated physicochemical
parameters for the adsorption of Pb2+ and Cu2+ on the tested GO samples. The monolayer
model showed R2 values of 0.94 to 0.97 for these adsorption systems and its calculated
parameters for each adsorption system are reported in Table 2.

Table 2. Calculated monolayer adsorption parameters for the removal of Pb2+ and Cu2+ using the
GO2 and GO3 samples with and without the exposure to the magnetic field.

Adsorbent Cation nIon DGO-Ion, mmol/g

GO2 without magnetic field Pb2+ 1 0.18

Cu2+ 1.22 0.26

GO3 without magnetic field Pb2+ 1.34 0.16

Cu2+ 1.43 0.23

GO2 with magnetic field Pb2+ 1.18 0.24

Cu2+ 1.23 0.29

GO3 with magnetic field Pb2+ 1.18 0.20

Cu2+ 1.59 0.20

It was calculated that the adsorption of Pb2+ ions on the GO2 surface was a mono-ionic
process (nPb-GO2 ∼= 1) involving a concentration of active sites (DGO2-Pb) of 0.18 mmol/g,
while the Cu2+ removal using this GO sample was a combination of mono- and multi-
ionic processes (nCu-GO2 = 1.22) where the oxygenated functionalities could adsorb one
or two heavy metal ions per active site. The estimated concentration of GO2 active sites
participating in the Cu2+ adsorption process was DGO2-Cu = 0.26 mmol/g where 78% of
these active sites adsorbed one Cu2+ cation and the remaining 22% adsorbed two Cu2+

cations. For the GO3 sample, the adsorption of both Pb2+ and Cu2+ ions was multi-ionic
(i.e., nPb-GO3 = 1.34 and nCu-GO3 = 1.43) where the concentrations of actives sites involved in
the cation removal were DGO2-Pb = 0.16 mmol/g and DGO2-Cu = 0.23 mmol/g, respectively.
Note that 66% of the GO3 active sites adsorbed one Pb2+ ion, whereas 34% interacted
simultaneously with two Pb2+ cations. In the case of Cu2+ adsorption, 57% of the GO3
active sites adsorbed one cation, while the remaining 43% adsorbed two ions. Overall,
the active sites involved in Cu2+ adsorption were 44% higher than those involved in Pb2+

adsorption for both GO samples.
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The isotherms for the magnetic-assisted removal of Pb2+ and Cu2+ using GO2 and GO3
are shown in Figure 6. The maximum experimental adsorption capacities of GO2 and GO3
to separate Pb2+ under the presence of the magnetic field were 0.26 and 0.22 mmol/g, respec-
tively. These materials showed maximum adsorption capacities of 0.32 and 0.30 mmol/g,
respectively, to remove Cu2+ ions in the magnetic-assisted system. The same trend was
observed for the adsorption properties of both GO samples to remove these heavy metals
from aqueous solutions with and without the magnetic field; that is, Cu2+ adsorption >
Pb2+ adsorption. However, the results prove that the intensified adsorber improved the
removal performance of the tested GO samples, particularly for Pb2+ separation. The
adsorption capacities in the magnetic-assisted systems for removing Pb2+ increased by 53
and 10% for GO2 and GO3, respectively, while Cu2+ adsorption was slightly affected by
the magnetic field using both GO samples with a maximum improvement of 7% for GO2.
The magnetic-assisted adsorption of both metals using GO3 was outperformed by GO2,
where the most significant removal increments were obtained for this material due to the
magnetic field.
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GO samples at pH 5 and 30 ◦C.

The increments in the adsorption capacities of the GO samples in the magnetic-assisted
systems suggested a possible interaction between the magnetic moments of electrons and
metal ions adsorbed on the material surface. This interaction can facilitate the capture and
retention of metallic cations, thus accelerating the adsorption rate and increasing the overall
adsorption capacity of the adsorbent [71]. These results also highlight that the impact of the
magnetic field on the adsorption capacity of GO depends on the type of metallic ions and
adsorbent surface chemistry. As stated, the magnetic characterization analysis revealed that
GO2 exhibited dual magnetic behavior compared to GO3, which showed a diamagnetic
nature. This difference in magnetic response could be related to the differences observed
for the structure and defect distributions between these materials.

On the other hand, the statistical physics modeling (R2 = 0.93–0.97) indicated that
the magnetic-assisted adsorption of Pb2+ and Cu2+ ions was a multi-ionic process using
GO2 and GO3 (i.e., nPb-GO2 = 1.18, nCu-GO2 = 1.23, nPb-GO3 = 1.18, nCu-GO3 = 1.59). The
estimated concentrations of oxygenated functionalities involved in the magnetic-assisted
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Pb2+ adsorption on GO2 and GO3 were DGO2-Pb = 0.24 mmol/g and DGO3-Pb = 0.20 mmol/g,
respectively, while DGO2-Cu = 0.29 mmol/g and DGO3-Cu = 0.20 mmol/g were calculated for
the Cu2+ adsorption with the magnetic field. It was concluded that 82% of the active sites
from the GO2 and GO3 surfaces interacted with one Pb2+ cation, while the remaining sites
adsorbed two Pb2+ ions. In contrast, 41–77% of the oxygenated functional groups of these
GO samples were involved in the mono-ionic interaction of Cu2+, and 23–59% corresponded
to the adsorption of two Cu2+ ions. Overall, it was observed that the application of the
magnetic field caused an increment of 25–33% in the concentration of the active sites
of GO2 and GO3 that participated in the removal process, mainly for Pb2+. For Cu2+

removal, the application of a magnetic field did not generate a significant increase in the
concentration of oxygenated functionalities participating in the adsorption process. These
calculations suggest that the magnetic field can play the role of an external activator of
GO surface functionalities to enhance the adsorption properties, but its impact depends on
the pollutant to be removed. Note that the magnetic field was more effective at improving
the adsorption capacities of the GO2 sample, which showed the lowest concentration of
oxygenated functionalities. This result opens the possibility that the magnetic-assisted
adsorption equipment could be an alternative for adsorbents with a limited concentration
of surface functionalities, which usually show a limited performance to remove challenging
adsorbates such as toxic heavy metal ions.

The calculated saturation adsorption capacities of GO samples (with and without the
magnetic field) are reported in Figure 7, which were calculated by qsat = nIon · DGO-Ion. These
theoretical values clearly indicate that GO2 significantly improved its removal performance
with the magnetic field exposure, especially for Pb2+ ions. In contrast, the adsorption
properties of GO3 did not change significantly in the magnetic-assisted system.
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Interaction energies (E, kJ/mol) for both GO samples in tested adsorber configurations
were estimated with the monolayer model using the following expression:

E = RTln
(

Cs

C1/2

)
(3)

where Cs (mmol/L) is the solubility of tested heavy metals in water, T (K) is the temperature
used in the adsorption experiments, and R is the universal ideal gas constant. The calculated
E values for Pb2+ and Cu2+ adsorption without the magnetic field for the GO samples were
18.3–18.9 kJ/mol and 20.6–21.2 kJ/mol, respectively. For the case of the magnetic-assisted
adsorption systems, these energies were estimated in 17.6–18.5 k/J/mol for Pb2+ and
21.0–21.2 k/J/mol for Cu2+.

4. Conclusions

The adsorption properties of graphene oxide samples to remove heavy metal ions
in magnetic-assisted systems were analyzed. It was proven that the surface chemistry
of graphene oxide and heavy metal ion type determined the magnitude and impact of
the magnetic field exposure on the removal process performance. Magnetic-assisted Pb2+

adsorption on graphene oxide showed a significant increase in the removal efficacy, while
Cu2+ adsorption on this adsorbent was less sensitive to the magnetic field exposure. The
characterization results indicated that the oxygenated functionalities of graphene oxide
were involved in the separation of the tested metallic cations. It appeared that these oxygen-
containing functional groups were activated by the magnetic field mainly for Pb2+ removal
from water. Overall, it was concluded that the graphene oxide samples, with or without
magnetic field exposure, showed better adsorption properties to remove Cu2+ than Pb2+. A
multi-ionic monolayer adsorption process was expected to occur for the removal of these
heavy metals from water using the graphene oxide samples where the oxygen-containing
functional groups could interact with two cations. These results confirm the potential of
sintered graphene oxide materials to purify water contaminated by toxic heavy metals using
magnetic-assisted adsorption systems. However, the analysis and characterization of the
effects of the magnetic field on the adsorption capacity of graphene-based adsorbents are
fundamental for optimizing the performance of this intensified scheme for water treatment.
The results reported in this study could have important implications for the design and
intensification of heavy metal removal systems, where the application of magnetic fields
can be considered an effective strategy to enhance the separation efficacy and performance
of carbonaceous adsorbents.
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